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Compared with research on the role of student engagement with expert representations in learning
science, investigation of the use and theoretical justification of student-generated representations to
learn science is less common. In this paper, we present a framework that aims to integrate three
perspectives to explain how and why representational construction supports learning in science.
The first or semiotic perspective focuses on student use of particular features of symbolic and
material tools to make meanings in science. The second or epistemic perspective focuses on how
this representational construction relates to the broader picture of knowledge-building practices
of inquiry in this disciplinary field, and the third or epistemological perspective focuses on how
and what students can know through engaging in the challenge of representing causal accounts
through these semiotic tools. We argue that each perspective entails productive constraints on
students’ meaning-making as they construct and interpret their own representations. Our
framework seeks to take into account the interplay of diverse cultural and cognitive resources
students use in these meaning-making processes. We outline the basis for this framework before
illustrating its explanatory value through a sequence of lessons on the topic of evaporation.
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Learning Through Representing in Science
There is growing research interest in the value of students being guided to generate
their own representations in science to support learning. This is evident in templates
to guide reasoning processes in inquiry (Keys, Hand, Prain, & Collins, 1999),
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research on learning through drawing in science (Ainsworth, Musgrove, & Galpin,
2007; Ainsworth, Prain, & Tytler, 2011; Van Meter & Garner, 2005), and studies
of visual/spatial reasoning (Mathewson, 1999; Tversky, 2005). Our own research
on student-generated representation has indicated strong conceptual gains and high
levels of student engagement (Hubber, 2010; Tytler, Haslam, Prain, & Hubber,
2009; Tytler & Prain, 2010; Waldrip, Prain, & Carolan, 2010). We consider that
there are strong justifications for this representational work, both as process and
product. In this paper, we draw on several theoretical perspectives and past research
to develop a framework to characterize how and why this representational activity
supports learning in science. We develop our case through integrating literature on
the role of symbolic tools in facilitating learning, and then focus in detail on the
particular advantages and opportunities of representational construction in learning
in science.
Our recent research with a small number of primary and secondary teachers aimed
to develop an approach to teaching and learning that focused on students constructing
representations. The principles underpinning the approach were framed around rep-
resentational challenges in activity sequences, where teachers supported students at
each stage to develop representations and coordinated public discussion of their
explanatory adequacy. Students’ representations were loosely scripted, and therefore
in an important sense non-standard, or ‘approximations’, but during the learning
sequence students were led to understand and appreciate canonical scientific rep-
resentations. For example, in an exploration by children aged 10/11 of their school
ground’s habitats, the teachers probed children’s expectations of what they might
find, and how they would investigate and communicate findings. In doing this, the
nature of quadrat sampling was introduced, discussing how to record and present
the diversity of animals. Figure 1 gives an example of a student’s notebook entry
that framed a conception of animal diversity in their habitat and shows the working
nature of their representations as symbolic tools for thinking.
In a subsequent challenge to construct a model of the movement of a chosen
animal, two students working with a centipede constructed the drawing shown in
Figure 2(a), which includes a design drawing for the subsequent model shown in
Figure 2(b). This model had segments joined by elastic which allowed the undulating
body and leg motion that the students demonstrated with body gestures in an inter-
view and in a class presentation. Their account showed a complex weaving between
observations of the animal, the drawing, and the model as they reconstructed its
movement. Their account was surprisingly similar to the only scientific description
we could find of centipede movement, which described this undulating, side-to-side
movement. We argue that in this case of understanding animal movement, there is
productive constraint in what the students can draw and model as they attend to
the demands of the task, the resources available, and the opportunities for observa-
tional checking of the animal. The students need to focus selectively on the details
of the movement and the underpinning centipede structures. In the episodes
evident in Figures 1 and 2, we can discern students coordinating semiotic or
meaning-making symbolic tools such as graphs and drawings, and material tools
2752 V. Prain and R. Tytler
D
ow
nl
oa
de
d 
by
 [D
ea
kin
 U
niv
ers
ity
 L
ibr
ary
] a
t 1
4:5
6 2
0 N
ov
em
be
r 2
01
2 
such as quadrats or digital microscopes, to generate specific understandings of aspects
of animal diversity and animal behaviour. Students, in doing this work, engage with
authentic scientific knowledge-building practices in developing representations that
make claims about the investigated phenomena. We argue, on the basis of our experi-
ence of such episodes, that the reasoning based on representational construction leads
to quality learning, and in this paper, we explore theoretically how and why this might
be the case. In particular, the idea that representational work productively constrains
the focus of student meaning-making is at the heart of our argument.
TheorizingHowMaterial and Symbolic Tools Support Learning in Science
Amajor focus in educational research over the last 50 years has been to investigate and
theorize the precise role or roles of material and symbolic tools in supporting student
learning. This research has been framed broadly in either cognitive or sociocultural
Figure 1. Student graphical representation of diversity in a habitat
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accounts of interactions between learners, resources, and contexts. Cognitive accounts
focus on individual learners’mental strategies in engagingwith these tools, while socio-
cultural accounts focus on the design features of these tools, as well as guidedmeaning-
ful practicewith their application, as a key driver of collective learning in the classroom.
From cognitive perspectives, learners develop resources such as mental models,
schemas, organizing strategies, and frameworks to learn from interacting with these
tools (Bruner, 1966; Piaget, 1969). From sociocultural perspectives, these tools are
cultural resources, and learners need to participate in authentic activities with these
tools to learn effectively (Cole & Wertsch, 1996; Vygotsky, 1978, 1981a, 1981b).
Vygotsky’s (1981b, p. 141) concept of ‘mediation’ has beenwidely used to characterize
the complexities of the interplay between learners, tools, environment, guidance, and
learning. He was particularly interested in the critical role of everyday language as a
symbolic tool for learning the languages of science. He also acknowledged that other
symbolic tools, such as algebra, writing, diagrams, and ‘all sorts of conventional
signs’ (Vygotsky, 1981b, p. 137) were critical mediating tools for this learning.
We take the idea of mediation as a starting point to analyse current theories of the
role and processes of symbolic representation in learning science. Researchers in
science education now broadly agree that school students need to learn how to inter-
pret and construct subject-specific representations of science concepts, methods, and
processes. There is extensive research on what and how students learn from interpret-
ing expert representations (Ainsworth, 2006, 2008a, 2008b, 2008c; Gilbert, 2005),
with strong theoretical justifications for why this learning is enabled (Ainsworth,
1999; Mayer, 2003; Paivio, 1986), drawing on cognitive perspectives. However,
research into, and the rationale for, student-constructed representations are less
developed, as is their theoretical justification. There are various reasons for this
lack of emphasis. These include the view that the goal of induction into the literacies
Figure 2. (a) Centipede notebook entry and (b) centipede model showing elastic attachment of
segments
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of science is achieved more efficiently through an explicit focus on conventions rather
than more open-ended constructive processes. There are also concerns about the
manageability for teachers of student constructions in terms of clear formative and
summative assessment processes, particularlywhen students generate approximations,
or produce non-standard representations, such as personal self-explanations. Our
research in this area has also indicated that this focus on student-generated represen-
tations makes significant demands on teachers’ conceptual understandings and
classroom time (Hubber, Tytler, & Haslam, 2010).
Drawing on literature proposing specific benefits in student representational con-
struction, including Bransford and Schwartz (1999), Cox (1999), diSessa (2004),
Greeno and Hall (1997), Kozma (2003), Kozma and Russell (2005), and others,
and through extensive analyses of student representations arising from our research
over the last seven years on teacher-guided, student-generated representations, we
propose a framework of representational construction affordances (RCA) to explain
how and why students learn from this work. Our framework seeks to connect three
interlocking dimensions to explain how and why the processes and outcomes of this
representational work support quality student learning. These dimensions are
. meaning-making in science in terms of semiotic processes where learning is under-
stood as student developing capacity to recognize and use key functional features of
generic and science-specific material and symbolic tools to construct an account of
phenomena;
. meaning-making at the epistemic level, where knowledge-building and knowledge
assessment in science are understood as the use of a broad range of material and
symbolic practices for undertaking and reporting science inquiry, and the claim
that these practices should be reflected in classrooms; and
. meaning-making as an epistemological activity, where coming to know and reasoning
in science for students as individuals and as groups can be enhanced by the process
of constructing and interpreting their own representations.
We claim that this framework integrates these perspectives and resources by con-
ceptualizing them as necessarily interdependent. However, in this paper, we only
have space to sketch out the broad terms of our case. We define student-generated
representations to include oral and written language, and mono- and multi-modal
texts, artefacts, and mathematical calculations. Specific examples include tables, dia-
grams, observational and conceptual drawings, graphs, annotated self-explanations,
visual summaries, video productions, animations, and three-dimensional models.
We focus predominantly on drawing here as indicative of our case.
The current case in the literature for the value of students generating represen-
tations is relatively under-developed. Sociocultural accounts of the value of this prac-
tice focus on the potential for increased student engagement in a learning community
(Greeno, 2009; Kozma & Russell, 2005). From a cognitive perspective, Bransford
and Schwartz (1999) sought to reconceptualize the learning gains and potential for
transfer when students generated their own representations. Rather than argue that
students developed transferable domain knowledge from this activity, they claimed
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that student construction of representations led to the development of problem-
solving skills that could be applied in new contexts. They argued that in making
their own representations students were productively constrained in their reasoning
by having to focus on key aspects of the problem, select appropriate tools, and
apply relevant background knowledge to the problem. The idea that the use of par-
ticular material tools productively constrains scientific inquiry is well recognized in
various studies (see Pickering, 1995), as is the productive constraint of symbolic
tools and processes, such as systematic control of variables in experimentation. In
analysing the value of manipulating representations, Kozma (2003, p. 205) found
that expert chemists used the material features within and across different represen-
tations to ‘reason about their research and negotiate shared understandings’, and
argued that students could develop this capacity through teacher-guided use of inter-
action with expert representations. Kozma and Russell (2005, pp. 129–130) noted
that students learn science effectively when they participate in activities ‘in which rep-
resentations are used in the formulation and evaluation of conjectures, examples,
applications, hypotheses, evidence, conclusions, and arguments’.
These general accounts of student learning gains from making representations
provide useful broad insights into theorizing how student-generated representations
support science learning. They highlight the need for a framework that recognizes
the necessary interplay between student capacities and intentions and task and/or
tool opportunities and design features. They also highlight the key role of the learning
context, defined as the purposes and procedures of this representational work.
However, these questions raise the issue of what particular student capacities are
required or nurtured by this process and what particular supports might be claimed
to enable this work. Clearly such analysis also needs to be informed by a persuasive
account of how learning in science is conceptualized, and how this learning relates
to representational production.
In seeking to move beyond a focus only on an individual’s mental processes to
explain perception, Gibson (1979, p. 5) theorized that individuals interact with the
physical environment in terms of ‘affordances’ that support their goals or intentions.
Individuals recognize a required potential action that the environment both prompts
as well as supports. This account of affordances has been generative across various
domains, especially in computer program design, and problem-solving. Seeking to
clarify this construct further, Norman (1999, p. 39) claimed that all affordances are
‘perceived’ affordances, in that the enabling feature in the environment needs to be
noticed to be enabling. He considered that affordances are best understood as physical
enablers and constraints, such as the design of computer programs where it is imposs-
ible to move a cursor outside the visible computer screen. Both Gibson and Norman
were more concerned to explain purposeful perception rather than account for
exploratory or learnt behaviour with cultural tools, whether material or symbolic.
However, we argue that this idea of affordances as enabling constraints can be
applied productively to understanding how and why generating representations sup-
ports learning in science. This entails extension of the idea of affordances as percep-
tual interactions with the environment to include learnt behaviours and strategies in
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the classroom. We suggest that use of particular material and symbolic tools offers
specific affordances as students construct a representation to make a claim about
science topics or processes.
Before examining this issue further, we need to clarify that in focusing on student
capacities we are not referring to students’ generic skills in draughtsmanship. In
their extensive review of the claimed and potential roles of drawing in learning, Van
Meter and Garner (2005), from a cognitive perspective, noted that students needed
to select, organize, and integrate their existing personal verbal representations and
prior knowledge to construct drawings that support learning. However, these
researchers tended to conceptualize drawing as a teachable strategy or learning
adjunct, entailing tightly prescriptive notions of what should count as learner
success, such as observational accuracy and fit to pre-determined expert precedents.
By contrast, we claim that student-generated representations, including drawing,
should be theorized not simply as tools for something more fundamental, such as con-
ceptual knowledge, but can be understood as enacting science learning and reasoning
because this kind of activity is consistent with how knowledge is developed and com-
municated in the science community.
Learning Through Student-Generated Representations
Our theoretical framework (RCA) seeks to integrate semiotic, epistemic, and epis-
temological perspectives to explain how and why representational construction sup-
ports learning in science (Figure 3). In this nested Venn diagram, each dimension
is linked by its focus on the way representations productively constrain meaning-
making practices in science and in science education, taking into account the interplay
of diverse cultural and cognitive resources students use to achieve this meaning-
making. Our framework aims to represent the relationships between broad and
specific meaning-making practices in science around representational construction.
Each circle indicates interlocking dimensions of cultural and cognitive resources, as
well as the practices and processes in this work. We acknowledge the challenge of
achieving representational adequacy in using a nested Venn diagram for our
account, in that it may inadvertently convey a sense of reductive simplicity. Our inten-
tion with this diagram is to suggest an indicative map, with high levels of reciprocity
between the three dimensions. Because we are focusing mainly on characterizing
students’ learning processes at the point where they generate and interpret their
own representations, our accounts of the relative size and significance of semiotic
and epistemic influences are intended to reflect our intent, and a different represen-
tation of the relative impact of influences may be appropriate if the main intent of
the diagram is to characterize key inputs into the epistemic practices of science teams.
Semiotic Dimension
The largest circle focuses on the broad material and semiotic cultural tools available
for meaning-making generally, noting both generic as well as domain-specific
Learning Through Constructing Representations in Science 2757
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resources available for this activity. This is consistent with recent cognitive science,
and sociocultural perspectives regarding the centrality of language or languages in
mediating learning (Tytler & Prain, 2010). As noted in this circle, constructing a rep-
resentation is constrained productively by its purpose, context, and the various phys-
ical and conventional resources available for any particular type of representation. For
instance, when making a drawing of a process, students are constrained by the
physical space available, the conventions they can deploy, and their form/function
limitations, the need to achieve specificity of detail, and the requirement of
Figure 3. RCA: a framework
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unambiguous communication. All these constraints have the potential to encourage
students to engage with functional concerns with conventions to serve succinctness
and adequacy in explanatory accounts. Trying to represent key features or causal
factors in a dynamic system with pen and paper tools poses different challenges
from using animation to achieve the same goal. The representation-maker is com-
pelled to be specific in selection of details, to engage with issues of emphasis,
layout, adequacy, communicability to self, and fit for purpose in ways that interpreting
existing texts do not necessarily foreground. Thus, the constraints offered by particu-
lar representational modes and tasks enable reasoning and learning precisely because
of the specific ways they channel attention, and force choices by the person or group
constructing the representation. For example, when making a video explanation of a
scientific process, students are productively constrained by the need to synchronize
sound, text, and image to make their representational case coherent to themselves
and others. Students also need to understand the partial nature of representations,
where each representation serves to focus attention on a specific aspect of a
problem, and that generating an explanatory account involves coordinating various
representations, each bringing a complementary perspective.
Researchers in science classrooms have identified the crucial role of represen-
tational competence in developing conceptual learning (e.g. diSessa, 2004; Lehrer
& Schauble, 2006a, 2006b; Lemke, 2003, 2004). As noted by Lemke (2003),
drawing on Peirce (1931–1958), this competence is about knowing how to interpret
and construct links between an object, its representation, and its meaning. A represen-
tation becomes a sign when it signifies something (a key idea or explanation) about the
object (or referent) to someone (the learner). Meaning-making practices in school
science can be understood in terms of Peirce’s (1931–1958) triadic account of the
necessary components of this meaning-making. In this model, distinctions are
made between a representation in a sign (e.g. arrows in diagrammatic accounts of
force), the interpretation or sense made of this sign (the scientific idea of force),
and its referent (the phenomena to which both the interpretation and signifier refer,
such as the specific operation of force on objects in the world). This implies that
for learners to understand or explain concepts in science, they must use their
current cognitive and representational resources to learn new concepts at the same
time as they are learning how to represent them. Learning concepts in science involves
students switching between verbal, written, visual, and mathematical (graphs, tables,
equations) and three-dimensional representational modes, and coordinating these to
generate explanations. There is a growing recognition that students need to acquire
this competence in science discourse to achieve science literacy (diSessa, 2004;
Gilbert, 2005; Kozma & Russell, 2005; Lemke, 2004). Our own research on
student-generated representations (Hubber, Tytler, & Haslam, 2010; Prain, Tytler, &
Peterson, 2009; Waldrip, Prain, & Carolan, 2010) and research by others in this area
(Cox, 1999; diSessa, 2004; Ford & Forman, 2006; Greeno & Hall, 1997; Lehrer &
Schauble, 2006a) suggest that this representational work has the potential to increase
students’ understanding of the form/function relationships in various representations,
enabling students to understand the value and use of conventions in this work.
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Epistemic Dimension
The ‘epistemic practices’ circle focuses on the broad range of knowledge-building and
checkingprocesses, aswell as communicating practices, that constitute the discipline of
science and its literacies (Ford & Forman, 2006; Moje, 2007). There is a growing lit-
erature on the role of representation, including visualization, as central to knowledge
production practices in science (Gooding, 2004; Latour, 1999). A considerable body
of research confirms the central role of representational manipulation in generating,
integrating, and justifying ideas in historical scientific discoveries, and thus in contri-
buting to this knowledge production. Gooding’s (2004, p. 15) account of Faraday’s
work on conceptualizing the interaction of electricity, magnetism, and motion high-
lights the central role of representational refinement and improvization in developing
‘plausible explanations or realisations of the observed patterns’. Following Giere and
Moffatt (2003), we are not arguing here that cognition is distributed between
Faraday and his representations, but rather that Faraday’s development and modifi-
cation of representations were critical to clarifying and instantiating his theoretical
understandings. Latour (1999) argues that making sense of science involves under-
standing the process by which data are transformed into theory through a series of rep-
resentational ‘passes’. To analyse science theory-building, he accompanied two
scientists working together on soil profiles in the Amazon basis at the boundary
between rainforest and savannah and traced the process by which they converted the
raw data into scientific papers. This process involved a series of representational rede-
scriptions, from the ordered box arrangement in which they assembled their soil
samples, through a colour chart and numbering system, and eventually to the table
that was the representational form they carried back with them to Paris. Concurring
with this viewpoint on representational reasoning, Klein (2001, p. ix) claimed that rep-
resentational work and refinement in the historical development of chemical formulae
in the early 1800s were constitutive of new symbolic manipulations separate from
observable phenomena, and that these representational developments ‘actively con-
tribute to meaning’ rather than merely express already resolved ideas.
Nersessian (2008, p. 69), in examining cases of innovation in science using case
studies of Faraday and Maxwell and more recent work, argued that model-based
reasoning is critically important to the generation of new theory and that the pro-
ductive interaction of models is the key to this process:
model-construction processes abstract and integrate information from multiple sources
specific to the problem-solving situation. In this recombination, truly novel combinations
can emerge as candidate solutions to problems. . . . (and that) constraints from multiple
sources can interact in such a way that a model with a here-to-fore unrepresented struc-
ture or behaviors can emerge.
On the basis of analysis of idea generation in a contemporary scientific laboratory,
she concurred with Hutchins’ notion that ‘cognition’ and ‘culture’ should be seen as
interrelated notions construed in terms of process, and that problem-solving in scien-
tific and engineering domains should be viewed ‘as occurring within complex cogni-
tive-cultural systems’ (p. 71).
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There is also a growing consensus that classroom practices in science should be
organized to enact these processes to provide an authentic induction into science
learning (Duschl & Grandy, 2008). A long tradition in science education has
sought to integrate the processes and products of science into a coherent set of
science education practices. However, at various times a process or product focus
has been in the ascendency, largely treated separately, and conceptualized as distinct.
Thus, ‘working scientifically’ strands address measurement in science, the nature of
investigable questions, and such issues as appropriate design built on levels of sophis-
tication of variables control. The argumentation perspective looks at the way evidence
is used to select between alternative positions and how knowledge claims are justified
with evidential backings that can withstand alternative positions. These perspectives
have tended to explore the crucial justificatory aspects of science knowledge-building,
the public process by which scientists claim their work as verified against possible
alternative findings. While students need to understand this process of public chal-
lenge and justification and defence as the way scientific knowledge is established
within the community, these processes do not deal with the complex ways in which
knowledge is generated in the first place. There is need for learning in science to
focus on the processes by which knowledge is built at personal and communal
levels, as well as the means by which knowledge is justified and defended. As noted
by Greeno (2009), teacher guidance can productively constrain this process. The stu-
dents’ sense of the task can be constrained by various factors, including the teacher’s
choice of equipment, the material and symbolic tools used in the topic, and contextual
inputs framing the purposes of the representational activity.
To capture the scientific generation of knowledge in classrooms, we consider there
is value in foregrounding representational generation, coordination, and transform-
ation rather than mainly focusing on formal aspects of ‘scientific method’ and argu-
mentation. Duschl and Grandy (2008) argued that attempts to define a general
inductive rule for specifying the scientific method have been a failure and that we
must see scientific methods as contextual, local, and contingent. They claim there
have been three phases to understanding the nature of science: (1) logical positivism
(the received view) that underpins traditional versions of scientific method, (2) para-
digm shifts/conceptual change views that admit social processes, and (3) model-based
science with acknowledgement of the centrality of language, representation, and com-
munication.We view student representational construction as a way to enact new ped-
agogies appropriate to these new understandings of the relationships between process,
product, and language in learning science.
Epistemological Dimension
The ‘epistemological processes’ circle aims to indicate the very diverse range of cog-
nitive processes entailed in reasoning with and through representational construction
at an individual or group level. There is growing acceptance that the representational
tools of science are crucial resources for speculating, reasoning, contesting expla-
nations, theory-building, and communicating to self and others. For Nersessian
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(2008, pp. 77–78), model-based reasoning by scientists is explicitly enabled through
the productive constraints that operate in the way knowledge is represented, including
spatial, temporal, topological, causal, categorical, logical, and mathematical con-
straints on this representation. These constraints also enable reasoning processes,
including making abstractions (limiting the case, making generalizations), using simu-
lations, evaluating particular cases (identifying the extent of fit, the explanatory power
of a new case), and judging the coherence of a claim or claims.
This construction and justificatory work can serve a very wide range of cognitive
purposes and reasoning functions. Cox (1999) noted that representations can be
used as tools for many different forms of reasoning, such as initial, speculative think-
ing, as in constructing a diagram or model to imagine how a process might work, or to
find a possible explanation, or see if a verbal explanation makes sense when re-rep-
resented in two dimensions or three dimensions. They can also be used to record
precise observations, to identify the distribution of types, to show a sequence or
process in time, to predict outcomes, sort information, and to work out reasons for
various effects. Students need to learn how to select appropriate representations for
addressing particular needs, and be able to judge their effectiveness in achieving par-
ticular purposes. Ford and Forman (2006) argued that reasoning in science needs to
have a purpose and that active generation and evaluation of representations in pursuit
of investigations capture the nature of science knowledge-building practices in ways
that formal reasoning schema do not.
A strong cognitivist tradition in science education has led to concepts and represen-
tations being viewed as separable from one another, where representations are subor-
dinate approximations or accompanying pictures of concepts that exist independent
of, and prior to, any particular instantiation. However, any attempt to explicate a
concept in science makes apparent that there is a range of representational practices
and conventions through which the concept is understood and applied. Thus, to
understand covalent bonding requires familiarity with conventions of molecular rep-
resentation, bonds, and electron orbital representations. To understand this concept
in use requires flexible coordination of these representations, possibly together with
the generation of a range of non-canonical representations, such as gestures, annota-
tions, and verbal descriptions to match the concept to the context. While it is certainly
the case that interpreters of any representation depend on shared knowledge of its
conventions and purposes to understand its meanings or meanings, these understand-
ings must entail new representations. In other words, new or shared conceptual mean-
ings depend on representations for their instantiation and application in practice.
While clearly the same idea in science can be represented variously, no shared scien-
tific idea exists separate from its representation, as noted by Lemke (2004) and others.
Any explanatory account of ideas in science can only be communicable in different or
new representations, whether linguistic or non-linguistic, and therefore the pro-
duction of shared scientific meanings and reasoning cannot transcend represen-
tational constraints and enablers of shared meaning. Meanings in science are always
represented meanings. As noted by Kozma and Russell (2005, p. 129) ‘the
meaning of a representation is not embedded in the representation itself but is
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assigned to the representation through its use in practice’. As we have argued else-
where (Tytler & Prain, 2010), this insight tends to recast conceptual learning in
science as fundamentally about the coordination and facilitation of different represen-
tations depending on their purpose and application to specific topics. This implies
that when students focus on the purposes, adequacy, claims, and applications of rep-
resentations to particular contexts, they are engaging in crucial aspects of learning or
coming to know in science, where representational work functions as a tool for
knowing and making claims in this field. Also, as noted by Cazden (1981), following
Vygotsky (1978), students’ learning capacities are often in advance of their demon-
strated developmental level, and students therefore benefit from opportunities to
perform representational tasks before they have achieved full competence in these
tasks.
Representing Evaporation of a Puddle: An Illustrative Case for the RCA
Framework
To explore the ways in which representational challenges can open up reasoning and
learning opportunities, we will describe the interactions in a lesson from the RiLS
project involving a series of representational challenges designed to establish a mol-
ecular model of the process of evaporation. The lesson description below summarizes
the events in the third of a sequence of seven lessons on evaporation, each lesson of
which posed a problem for students to explore and represent, based on molecular
ideas. Prior to this lesson students had been challenged to demonstrate a variety of
places in the school where water is found and to represent water, and the existence
of the states of water, based on the potential of the idea of molecules to explain this
distribution. In the lesson described, the molecular representation is introduced
and refined. The description is structured to show the different representations that
are introduced and used at each point key teacher moves that are made (in brief),
and sample student responses and representational moves.
In brief, the lesson begins with a video presentation of puddle evaporation, and the
teacher question ‘what is actually going on?’ (Move 1) is used to introduce the notion
of molecules through a role play. The teachers (T1, a male, and T2, a female, are co-
teaching a composite Grade 5/6 class of 50 children) then take the activities through a
sequence of representational moves and challenges to open up, negotiate, and come to
some agreement concerning the different molecular representations of the states of
matter and the evaporative process. The lesson ends with a review of the key features
of the molecular model, expressed verbally.
There are also features of the sequence that illustrate the ways in which represen-
tations are critical to learning and reasoning and knowing in science, and the way
these are clarified by the RCA framework as modelled in Figure 3. First, the public
and individual coordination of representations in a variety of modes, around the mol-
ecular model, is very apparent as the teacher introduces each in turn and challenges
students to extend and explore these in developing a molecular explanation of changes
to matter in a range of contexts. The centrality of semiotic resources, in the larger
Learning Through Constructing Representations in Science 2763
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Lesson sequence illustrating the role of multi-modal representations
Representation
1. Video of puddle evaporating T1 reiterates video statement: ‘The water evaporating from the puddle in the ground takes as much energy as
if it was boiling, it takes a lot of heat energy to turn water into water vapour’. Brief discussion leading to ‘What
is actually going on?’
2. Role play ‘You are all water molecules. I want you to imagine you are water molecules, in the solid state, I want you to
move to show me what you would look like’.
Students discuss movement.
Student 6M: ‘No, each one sort of moves’ – [pushes the other student and moves to and fro]
3. Teacher uses jiggling body to
emphasize movement
T2: They [students] are moving, is that correct? Do molecules in a solid state move?
T1: Yes they move.
4. Use of role play to have
students
simulate solid, liquid, gas
Exchange where T2 leads question-response discussion where he establishes the greater movement in liquids
(students model a liquid compared to solid) and increased spacing for gas.
T2: Gas! Show me!
Students move away from group members, scattering around the hall. All continue vibrating
5. Drawing challenge: show
solids, liquids, gases
T2: Have you shown what is the difference between solid water molecules, liquid water molecules, and
gaseous water molecules? Did you show that difference? You have bodily moved, very well . . . how would you
indicate that in a diagram?
Students draw (Figure 4)
6. Teacher uses beads now to
model
a focus on individual
molecules
responding to an energy
source – vibrates them –
some spill
T1: Come back again to that gas molecule, to that gaseous gas molecule, when we had that heat source, that
energy coming in is this what happens?
A student comes to the container, picks up a bead andmoves his hand in a haphazardmotion above the head.
T1 challenges this by demonstrating dispersal by shaking beads out – models randomness of distribution
T1: Which molecules are the first ones to go?
Students: Top ones . . . Ones that had startedmoving faster . . . More heated ones . . . Ones that getmore energy
7. Bead demonstration T1: In your diagram, there may be need to show a three dimensional diagram or a series of diagrams, think
about not just two-dimensional.
T1: Okay let us give these molecules, beads, a human form [picks up a bead and points to it]. Here is George,
he is here vibrating in water as a solid, then there is more energy he moves more in a liquid state, and then here
is Molly. . .
8. Drawing challenge T1
models
storied drawing on board
T1: Tell me a story about one water molecule, about what happens to it. Let’s do it in four frames. Remember,
label, say why is he here, what does he actually need?
Students work on their diagram narrative (Figure 5)
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Figure 4. Student drawing of molecules in the solid, liquid, and gas states
Figure 5. A student narrative diagram showing an individual molecule
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circle of the model, is clearly displayed in students’ reasoning and in this pedagogy
that is built on a process of representational weaving as in constructing an increasingly
complete picture of the molecular model.
We can also identify how the specific purposes of each representation matches the
affordances it offers. Thus, the role play and the beads are used to establish and
remind students that what is varying in the model as water changes state is not the
size of the molecules, or the number, but the spacing and movement. The focus on
individual beads (George and Molly, representation move 7) and the narrative story
line (8) was used to focus on the individual energetics governing evaporation at the
molecular level, and a sense of molecules cycling through the states of water. The
role play and gestures (moves 2–4) gave a strong embodied sense of the movement
of molecules. The drawings (move 5) provided a strong visual sense of the difference
in spacing for the three states, and forced consideration of molecular size across the
three phases.
Critically from our perspective, we can identify enabling constraint as a character-
istic of each representational resource – each representation constrains what can be
imagined about the process of evaporation. For instance, the role play places con-
straints on molecular size, and focuses attention on spacing and movement. In so
doing, it opens up possibilities for exploration of the affordances of the representation,
which in this case was taken up by the students and teacher (moves 2 and 3). In this
sequence, the group of students were confronted with the question of whether they
should remain still or move. Their decision to move could be seen as a case of specu-
lative reasoning, or abduction, perhaps grounded in the embodied nature of the task.
In this case as with all these representational challenges, students are driven by the role
play to discern and integrate different dimensions of aspects of the representation.
This, in Schwartz and Bransford’s (1998) terms, amounts to the discernment of fea-
tures of the representational problem space – how might we imagine molecules
behaving? In Cazden’s (1981) terms, the students are being required to perform
before they are competent. This, with the students’ drawings in move 8, requires
them to make choices and coordinate and discern the possibilities and challenges
posed by the representation (needing to think about spacing, number, size, speed,
time sequencing, and how to represent these).
In move 9, the teacher presents a bead model that acts as both a semiotic tool
through which to represent and understand aspects of molecular theory, but also as
a material tool. It sits in a dual relationship within Peirce’s (1931–1958) meaning-
making triad in this regard. Insofar as it is introduced by the teacher, it is a semiotic
tool to be interpreted, but in asking the student to come forward and demonstrate
what happens to an individual molecule responding to energy, that student
becomes a representation-maker. In doing so, the student is forced to sort out the pos-
sibilities of the representation while being challenged to enforce a consistency with
what has come before with the role play. The focus has moved from macro to
micro, both forcing new representational coordination requirements and opening
up the explanatory landscape. The subsequent comment and counter-demonstration
by the teacher along with questions about the order in which molecules ‘go’,
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constrains thinking by focusing the task on individual molecular-energy interactions.
The narrative drawing constrains student thinking, focusing attention on the ongoing
history of a molecule that is neither created nor destroyed. A key constraint of the mol-
ecular model is its natural adherence to a conservation of matter perspective. The time
sequence drawing of the states of matter in move 8 constrains the way the different
states can be imagined by forcing attention on coordination of properties (number,
size, spacing and arrangement, movement) across the states. Thus, while students
had latitude in constructing their drawings and role plays, the nature of the task
and the representation funnelled attention in a productive way.
In the evaporation unit, the representational formswere not tightly scripted, often less
so than implied in this particular sequence. In lesson 4, therewasnegotiation around, for
instance, howbest to representmolecular speed anddirections. Students presented their
ideas on the board and the relative merits of these were discussed. There was no ‘legis-
lative’ decision as such, but most students seemed to subsequently adopt a convention
involving a number of small bars behind the molecule. The variation in representations
of an evaporating handprint, from lesson4, is shown inFigure 6.The examples inFigure
Figure 6. Variation in student representations of an evaporating handprint
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6 show the extended reasoning of each of the students in seeking consistency in their
accounts, comprehensiveness, and explanatory clarity (diSessa, 2004).
At the end of the sixth lesson unit on evaporation, students were asked a number of
standard questions about what happens to water in evaporation. All students adopted
a molecular explanation for water evaporating. In an open question, they were asked
to represent how they thought clouds were formed from water on the ground. Many
produced quite detailed drawings of molecules clumping together to form water dro-
plets in clouds. Each drawing had different characteristics but many attended to the
forms and functions established in the sequence described above. The approach
thus seems to result in an enhanced capacity to transfer the molecular model to
new situations, a circumstance that has been notoriously elusive in work on student
conceptions even for secondary students. The teachers were extremely positive
about the quality of learning achieved through the approach.
Discussion and concluding remarks
This paper has argued that there are particular learning gains for students when they
construct, explain, justify, and refine their own representations of scientific processes
and concepts.
We claim that these processes enable students to
(1) learn conceptual knowledge through enacting the epistemological practices of the
science community (e.g. using drawings and models to identify key features of
animal movement),
(2) learn the nature of scientific inquiry through participating in broader authentic
knowledge production practices (e.g. the use of material tools such as physical
samples and semiotic tools such as graphs in Figure 1 to explore an environment),
(3) learn the literacies of science and their rationale (e.g. the use of animal drawings),
and
(4) learn to communicate scientific understandings (e.g. the students who generated
the centipede model presented this with compelling gestures of the undulating
movement).
The first claim assumes that learning in science should, where appropriate, enact
the processes of knowing of the science community, and will do so when students
experience the challenges of explaining and justifying scientific causal explanations
through representations. The second claim assumes that representational work can
be part of classroom inquiry processes that enact the broader processes of how scien-
tists generate and justify knowledge claims, and therefore entails authentic induction
into disciplinary processes.
The third and fourth claims focus explicitly on the semiotic aspects of knowledge
communication in science. For us, communication is not simply the final stage in a
process after mental work, but rather we argue that claim-making in science always
entails semiotic decision-making and interpretation of the emerging representation,
first for the self, then for others. More broadly, our framework conceptualizes these
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semiotic, epistemic, and epistemological practices, processes, and resources as over-
lapping and intersecting at the point of guided student representational construction
work, thus providing an explanation of why this representational practice engenders
quality learning.
We further claim that these processes and outcomes enable learning because
student-generated representational work:
(1) develops students’ cognitive and reasoning strategies relevant to science learning
through interacting with challenges,
(2) provides a meaningful, focused context for student development of represen-
tational competence,
(3) promotes classroom contexts that engender meaningful communication of
science understandings, and
(4) is highly engaging for students.
Our theoretical framework might seem simply to restate current socio-semiotic
accounts of learning in science, where learning is conceptualized as the guided inter-
play between semiotic resources and disciplinary goals and practices (see Kress,
Jewitt, Ogborn, & Tsatsarelis, 2001; Lemke, 2004). However, in our view, these
accounts do not theorize explicitly the value of representational production generally,
and often advocate highly directive teaching practices to enable student induction into
semiotic conventions and traditions in science, thus downplaying the role of more
open-ended exploratory student representational construction. The distinctiveness
of our case is further developed in terms of identifying particular affordances, or pro-
ductive constraints, entailed in representational construction that is not recognized in
current socio-semiotic accounts of learning in science. The semiotic resources, epis-
temic practices, and epistemological processes in our model are conceptualized in
Vygotskyan terms as external cultural resources that learners use and internalize as
they represent their understanding of topics. However, this account also presumes
that learners are active interrogators of their own representations, and can perceive
opportunities for new connections, imaginative syntheses, and unpredictable
solutions.
In explaining our experience of significant learning in the unit described above, and
the apparent capacity of students to transfer learning to new situations, we draw on
the ideas of Schwartz and Bransford (1998) who argued that the learning advantage
afforded by active generation of representation comes from students practising
discernment of the features and structures that differentiate relevant aspects of
phenomena. Thus, in generating and negotiating different aspects of drawings and
role play representations of evaporation, students’ attention was drawn, to some
extent systematically but in an important sense subject to their own resources, to criti-
cal features of the molecular model such as size, distribution and speed, spacing,
interaction with energy and with each other, and conservation, and to the relation
of these with evaporative phenomena. These have all been the subject of study in
the alternative conceptions literature, which identified conceptual difficulties for stu-
dents that we now see more clearly as representational in nature. We would argue that
Learning Through Constructing Representations in Science 2769
D
ow
nl
oa
de
d 
by
 [D
ea
kin
 U
niv
ers
ity
 L
ibr
ary
] a
t 1
4:5
6 2
0 N
ov
em
be
r 2
01
2 
in Schwartz and Bransford’s terms, this process of exploration supports discernment
of both the relevant features of evaporation that need explanation, and the relevant
features of the representations needed to make sense of the phenomena.
It is arguably the case that the students in the sequence in Figure 4, in generating and
then assessing the adequacy of a range of interacting representations ofwatermolecules
in evaporative situations, were engaged in precisely the sort of flexible representational
moves that draw on the particular affordances and constraints of representations, that
allow high level problem-solving in science. Kozma and Russell (1997), based on a
comparison of expert and novice use of representations to solve problems in chemistry,
generated the following ‘curriculum of core representational competence’:
† The ability to identify and analyse features of a particular representation and
patterns of features and use them as evidence to support claims or to explain, draw
inferences, and make predictions.
† The ability to transform one representation into another, to map features of one
onto those of another, and to explain the relationship.
† The ability to generate or select an appropriate representation or set of represen-
tations to explain or warrant claims.
† The ability to explain why a particular representation or set of representations is
more appropriate for a particular purpose than alternative representations.
† The ability to describe how different representations might say the same thing in
different ways and how one representation might say something that cannot be said
with another.
While these were based on adult chemistry expertise, all these features were argu-
ably present to some degree in the primary school evaporation sequence described
and discussed above.
This paper has focused on the practice of constructing representations across a
range of contexts, levels, and topics to support student engagement and learning in
science. It has proposed a framework intended to make sense of why representational
construction within a guided inquiry framework offers particular affordances for
student learning of both the concepts of science and of scientific knowledge-building
practices. The framework integrates epistemic, epistemological, and semiotic per-
spectives to propose new insights into the nature of quality learning in science. In
so doing, we propose and justify an approach to teaching and learning in science class-
rooms that enacts the knowledge production practices of the discipline. We believe
this framework provides further insights into the Vygotskyan notion of mediation of
cultural tools in learning domain-specific knowledge and practices. Our paper is an
outline of the framework, which is currently in process and will continue to be
explored and refined through further publication.
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